A general quasianalytic space-time averaged kinetic model for studying the nonequilibrium plasma chemistry of medium-pressure (0.1 Torr p 0.8 Torr) C 2 H 2 (1%)/H 2 /Ar radiofrequency (RF) (13.56 MHz) plasmas has been built and used for determining simple analytic expressions for the concentrations of some species of interest in nanocrystalline diamond growth. Changes in external processing parameters (particularly initial argon concentration in the feed gas) are found to influence both the electron energy distribution function of the plasma and the different particle population densities. In agreement with recent experimental results, the model predicts an increase of, respectively, the concentration of C 2 H 2 as a function of Ar (up to 90%) and of the concentration of C 2 (a 3 u ) with growing gas pressure and Ar concentration in the plasma.
Introduction
It has been traditionally recognized that atomic hydrogen plays a key role in the growth of polycrystalline diamond thin films by plasma enhanced chemical vapour deposition (PECVD) techniques. Consequently, important amounts of molecular hydrogen (up to 99%) mixed with minute amounts (less than 1-2%) of some hydrocarbons (CH 4 , C 2 H 2 ) formed the standard composition of the microwave (MW)/radiofrequency (RF)-excited plasmas used in PECVD devices up to date. However, experimental results on the synthesis of nanocrystalline diamond thin films in a matrix of diamond like carbon by Amaratunga et al [1] working with RF (13.56 MHz) produced CH 4 (2%)/Ar plasmas at medium pressures (0.2 Torr p 0.5 Torr), together with the most recent results by Gruen and coworkers [2] [3] [4] [5] [6] [7] [8] [9] [10] with MW (2.45 GHz) excited CH 4 (1%)/H 2 /Ar and C 60 /Ar plasmas at high pressures (50 Torr p 100 Torr) have shown the feasibility of growing nanocrystalline diamond thin films by 3 Author to whom correspondence should be addressed. using plasma mixtures with minute amounts of molecular hydrogen (from 0% to 1%) and important argon concentrations (up to 99%).
The use of argon and other noble gases (He, Ne, Kr and Xe), instead of H 2 , in CH 4 /H 2 MW produced plasmas was studied in some detail by Zhu et al [13] . In spite of these studies, Zhu et al [13] were not able to detect nanocrystallinity in their diamond films. However, detailed and systematic experiments carried out by Zhou et al [7] with MW CH 4 (1%)/H 2 /Ar and C 60 /Ar plasmas show a transition from microdiamond to nanodiamond with the presence, in the latter case, of strong Swan band emission related to C 2 radicals. The factors, especially the gas pressure and Ar concentrations, leading to the transition from micro to nanocrystallinity have been experimentally studied in MW systems by Zhou et al [7] and Goyette et al [6, 10] . Optical emission spectroscopy (OES) of the plasma shows dramatic changes in the species emission pattern as the Ar concentration increases [7] . This leads one to think that changes in the nonequilibrium plasma chemistry are likely to occur parallelly to the surface changes leading from micro-to nanodiamond structures.
While much experimental evidence points to C 2 dimers as the growth species for nanocrystalline diamond in MW CH 4 (1%)/H 2 /Ar and C 60 /Ar plasmas, no definitive growth mechanism of diamond with C 2 as the growth species has been established so far.
Dicarbon (C 2 ) radicals might also be responsible for the diamond nanocrystals found by Amaratunga et al [1] in RF low pressure CH 4 (2%)/Ar plasmas. Therefore, we will focus here on studying the nonequilibrium plasma chemistry of such RF plasmas and on exploring possible similarities with very recent experimental results by Schulz-von der Gathen et al [11] obtained in the diagnosis of RF (13.56 MHz) low pressure (0.75 Torr) CH 4 (10%)/H 2 /Ar plasmas. In addition, we will also compare our results with recent numerical simulations by Riccardi et al [12] of the gas-phase chemistry of RF, low pressure (0.75 Torr p 1.5 Torr) CH 4 /Ar plasmas. The latter calculations are interesting since they indicate that CH 3 is the most abundant carbon-containing radical in pure RF CH 4 discharges, while it is the dimer C 2 in discharges of CH 4 highly diluted by argon. Finally, we will compare our results (especially the concentrations of C 2 H 2 and C 2 (a 3 u ), hereafter called C * 2 ) with available experimental results already performed on MW high pressure CH 4 (1%)/H 2 /Ar and C 60 /Ar plasmas used by Gruen's group [2] [3] [4] [5] [6] [7] [8] [9] [10] in nanodiamond thin film deposition and with the above-mentioned diagnosis work by Schulz-von der Gathen et al [11] . We will determine the influence of changing initial argon concentration and other discharge parameters (gas pressure, power density levels and flow) on the population densities of some of the species detected in these plasmas by means of OES.
In order to achieve such an objective, we have first numerically solved a homogeneous and stationary electron Boltzmann equation (EBE) under the assumption of a twoterm approach based on the DC effective field approximation: we already showed in a previous paper [14] (hereafter called paper I) that such an approach can be adequate to obtain the period average electron energy distribution function (EEDF) for the case of RF (13.56 MHz) excited CH 4 ( 5%)/H 2 /H plasmas. We will show here that application of the DC effective field approximation is also reasonably justified for the case of RF (13.56 MHz) produced C 2 H 2 (1%)/H 2 /Ar plasmas. We assume, according to experimental measurements by Mitomo et al [15] and McMaster et al [16] , and very recently by Schulzvon der Gathen et al [11] that acetylene molecules are the most abundant decomposition products from methane (roughly 1% C 2 H 2 from an initial 4% of CH 4 ), so we have simulated the chemistry of C 2 H 2 (1%)/H 2 /Ar plasmas rather than that of CH 4 ( 5%)/H 2 /Ar plasmas. In this regard, it is interesting to note the recent experimental findings of Schulz-von der Gathen et al [11] on the important differences between the degrees of CH 4 dissociation as a function of the admixture in a CH 4 /Ar or CH 4 /H 2 for small methane concentrations (smaller than 20%). In plasmas dominated by Ar a rather effective dissociation of CH 4 of up to 55% has been found, compared with about 10% in hydrogen-dominated plasmas [11] .
After having obtained the period average EEDF for different cases, we can easily derive the corresponding period average rate coefficients that are used later on in a simple, and easy to use, quasianalytic space-time averaged kinetic model for the nonequilibrium chemistry of C 2 H 2 (1%)/H 2 /Ar plasmas. This model will allow us to derive approximate analytic expressions for the steady state population densities of several species in the plasma. Such expressions are useful for determining the physical trends of the concentration of species in the plasma.
We have also tried to compare our simulation results with measurements of C * 2 population densities in RF (13.56 MHz) produced CH 4 /H 2 /Ar plasmas like those very recently studied by Schulz-von der Gathen et al [11] . However, we could only find such measurements in high pressure (50-100 Torr) MW (2.45 GHz) produced CH 4 (1%)/H 2 /Ar plasmas [6, 10] so we used them for comparison with our calculations and found good qualitative agreement: when comparing both RF calculations and MW measurements, we must keep in mind that the discharge conditions (gas pressure, excitation frequency, power density levels, etc) are different so agreement in qualitative behaviour could be considered good enough.
In the following sections, we first briefly sketch out the method followed to solve the homogeneous stationary EBE (details of which can be found in paper I); we then pass to describe the assumptions underlying the space-time averaged quasianalytic kinetic model for the nonequilibrium plasma chemistry and, finally, we evaluate the model solutions and compare them with available experimental results.
Bases of the model
The evaluation of the concentration of several species detected in C 2 H 2 (1%)/H 2 /Ar plasmas are based on the calculation of the EEDF resulting from the solution of an EBE that takes into account the electron kinetics of the plasma under consideration. The procedure followed here to evaluate the EEDF is a two-term approach based on the classical DC effective field approximation. This method allows one to derive a period average EEDF from the solution of a homogeneous and stationary Boltzmann equation for the electrons present in a discharge produced under the action of an alternating electric field of angular frequency ω. This approach, already used for HF discharges in pure atomic and molecular gases such as argon or nitrogen [17] , is valid provided that ω ν e (ν e being the characteristic electron energy relaxation frequency) while its extension to the ω ν e case, i.e. quasistationary regime, is justified below in the light of the results reported by Loureiro [18] on time-dependent electron kinetics in RF-H 2 plasmas. As was already described in paper I, the use of a simple power balance equation allows us to determine the influence of the pressure (through the momentum transfer collision frequency) and absorbed power on the calculated maintenance reduced electric field in the plasma and, consequently, on the period average EEDF and corresponding rate coefficients.
The available experimental results from OES studies of emitting and nonemitting species in MW CH 4 ( 1%)/H 2 /Ar plasmas allow us to discuss in the appendix some of the most important mechanisms, and the corresponding cross sections assumed, in a first approximation, to be responsible for shaping the EEDF and, consequently, for controlling the electron kinetics of C 2 H 2 (1%)/H 2 /Ar plasmas.
Solution of the EBE
The method used to calculate the period average EEDF is based on the solution of a homogeneous and stationary EBE of the form [14] , 
are the period averages of the electron density, EEDF and elastic and inelastic collision integrals, respectively (see paper I). Moreover, E 0 is the amplitude of the alternating electric field and E eff is a DC effective electric field obtained through the power balance described in paper I and whose values are given by the expression
where P A is the total absorbed power (we have considered the cases of 100 and 300 W), V p = 200 cm 3 is the plasma volume, ε 1 = 3 eV is a representative energy of the bulk electrons and m e and e are the mass and electric charge of electrons, respectively. We also found that the characteristic relaxation frequency for momentum transfer, ν e m (ε = ε 1 ), is hardly dependent on the particular values of the mole fractions corresponding to the main assumed plasma components (C 2 H 2 , H 2 and Ar). In addition, we assume in this work that the plasma has a low ( 10 −6 ) total ionization degree, η total i
, so electron-electron collisions are not considered.
The period average EEDF f 0 (v) is normalized as
and the different period average inelastic rate coefficients used in this work are obtained through the general expression,
where σ j (v) are the cross sections for the various inelastic collision processes considered, ε j being the corresponding threshold energies (ε j = 0 for electronic attachment).
It is important to note thatN e is not needed to solve equation (1) since, as is shown in paper I, the electron density can be readily eliminated from both sides of equation (1) once the expressions for the elastic and inelastic collision integrals are considered (see paper I). However,N e is used as an input parameter (see table 1) in the power balance used in paper I to determine the different effective field strengths given by expression (2) and needed to solve equation (1) . The particular values used forN e are simply estimated from the definition of the total ionization degree since both the gas pressure and the total ionization degree are known parameters. We will justify below that the homogeneous and time-independent Boltzmann equation solver developed by Pitchford et al [19] and that we have used here is a reasonable good approach to study the kinetics of RF (f = 13.56 MHz) produced C 2 H 2 (1%)/H 2 /Ar plasmas within the pressure range considered here (0.1 Torr p 0.8 Torr).
Following the detailed works by Capitelli et al [20] and Winkler et al [21, 22] , and especially the more recent results by Loureiro [18] 
and
where ε is the electron energy, p is the gas pressure (partial pressure in case of mixtures), m e /M is the electronmolecule(or atom) mass ratio and the pairs (ν m (ε), σ m (ε)) and (ν j (ε), σ j (ε)) are the electron neutral collision frequencies and cross sections for elastic momentum transfer and for the different electron inelastic collisions with atoms and molecules present in the plasma, respectively. Since we are considering a mixture of three gases (namely, H 2 , C 2 H 2 and Ar) we have that [23] ν e (ε) = ν 
In an alternating electric field, E(t) = E 0 cos(ωt), the isotropic, f 0 (v, t), component of the total EEDF should, in principle, change with time. However, depending on the relative values of ν e and the excitation frequency ω, and since the time-modulation of the isotropic component f 0 (v, t) goes as ν e /ω [24, 25] , we can have three different situations. (i) When ω ν e (common for MW frequencies) the period average of the isotropic component f 0 (v, t) (i.e. our EEDF) can be sufficiently described by the so-called 'DC effective field approximation' [26, 28] which avoids the solution of a time-dependent Boltzmann equation (the coupling between the harmonics and the DC part of the electric field is negligible).
(ii) For field frequencies such that ω ν e (typical of RF fields), the EEDF follows the RF field in a quasistationary way [24, 25] . In this case, a large number of electronatom/molecule collisions take place during a field period and, consequently, the electric field changes very little during the intercollisional time. In this quasistationary regime, the EEDF can also be obtained from the solution of a Boltzmann equation in a DC electric field which values are the different time-varying values of the RF field. Now, we can expect the appearance of relatively intense EEDF time-modulation [25] , i.e. in general, it is not enough to average the EEDF over the oscillation period to track its time evolution. Finally, (iii) when ω ν e , the timemodulation (note that it goes as ν e /ω) of the EEDF is much reduced and, therefore, a full time-dependent solution of the Boltzmann equation is usually needed [18] .
In spite of the above general discussion, we should take into account that, depending on the gases or gas mixture considered, we will have different shapes for ν e (ε) and, as has been clearly pointed out by Loureiro [18] for the cases of N 2 and H 2 , this has a remarkable impact on the importance of the EEDF time-modulation (especially in the RF case). Therefore, depending on the gas pressure, we will have to apply special considerations to the general cases (i)-(iii) mentioned above.
The characteristic relaxation frequencies for energy, ν e , and momentum transfer, ν and ν e associated with C 2 H 2 (1%)/H 2 /Ar mixtures are higher than those for pure H 2 plasmas, and higher than the excitation frequency ω in the entire energy range. Therefore, we have ω ν e in the entire energy range so the EEDF follows the RF electric field in a quasistationary way and then it can be obtained by solving a homogeneous and stationary EBE in the DC effective field approximation.
This result, together with the study of the time-dependent kinetics of RF (13.56 MHz) produced H 2 plasmas provided by Loureiro [18] and the discussion held in Loureiro's work and in paper I on the influence of time-modulation on the EEDF of RF (13.56 MHz) produced H 2 and CH 4 ( 5%)/H/H 2 plasmas, respectively, allow us to assume that, for 13.56 MHz, the period average EEDF of RF (13.56 MHz) produced C 2 H 2 (1%)/H 2 /Ar plasmas can be reasonably derived from the solution of a homogeneous and stationary EBE without the need to take into account the time-modulation effects (considered small).
Quasianalytic kinetic model
Once we have obtained a period average EEDF for our C 2 H 2 (1%)/H 2 /Ar plasma, we used the period average EEDF to derive electron impact rate coefficients for C 2 H 2 , H 2 and Ar as a function of the gas pressure (each pressure has an associated electron density and a characteristic relaxation frequency for momentum transfer that are subsequently used to determine the corresponding effective electric field strength). Moreover, since the program we have used to solve our Boltzmann equation cannot take into account more than three species nor superelastic collisions, we have, on one hand, considered several superelastic collisional and radiative processes for argon, whose rate coefficients were given by Braun and Kunc [29, 30] and, on the other hand, we have taken into account collisional and radiative mechanisms involving atomic hydrogen whose rate coefficients were calculated by Mitchner and Kruger [31] . In both cases, a Maxwellian EEDF is assumed in order to evaluate the rate coefficients. Such an assumption, i.e. Maxwellian EEDF, will be considered hereafter satisfactory since both EEDF, our period average distribution and the Maxwellian distribution, have very similar values (a maximum difference of roughly two orders of magnitude) for low and medium electron energies up to 15 eV, this being the energy range where we find most of the electrons in the plasma. All rate coefficients are subsequently calculated as a function of the gas pressure. Figure 2 shows the threelevel atomic models considered to evaluate the simplified superelastic kinetics of Ar and H atoms.
We have written below several stationary rate equations for some of the most important species present in our plasma. The solutions of these rate equations will allow us to find analytical expressions for the steady state concentrations of argon ground state Ar (n = 1), first excited state argon atoms Ar (n = 2), argon ions Ar + , ground state atomic hydrogen H (n = 1), first excited state atomic hydrogen H (n = 2), sum of the concentrations for atomic, H + , and molecular, H + 2 , hydrogen ions, molecular hydrogen H 2 , acetylene C 2 H 2 and its ion C 2 H + 2 , and for the first excited electronic state of C 2 .
In order to set up these rate equations, we first take into account the conservation of the total particle density in our plasma given by
where N is the total particle density given by the gas pressure andN e is the mean electron density, which is a parameter of the model, obtained through the known values of N and the total ionization degree of the plasma (η total i = 3 × 10 −6 =N e /N ). We have assumed in (8) that N Ar(n=2) + N Ar(n=3) N Ar(n=2) . 
Ionization degree of C 2 H 2 .
Consideration of the ionization potentials (IP) of Ar, 15.8 eV, molecular hydrogen, 15.4 eV, atomic hydrogen, 13.6 eV and acetylene, 11.4 eV, allows us to estimate the partial ionization degree of acetylene, η i , through the assumption of the plasma electrical quasineutrality. The values of the different IP lead us to assume that the partial degrees of ionization might follow the reasonable trend given by
where η i is another parameter of the model which is assumed to be known (see table 2 ) for each concentration of argon in the plasma. Thus, we can estimate η i from the electrical quasineutrality of the plasma,
where the charge densities appearing in the above balance are obtained through the following relationships:
where we are assuming that acetylene ions are preferentially formed by electron impact ionization of acetylene and by charge transfer from argon ions (these being formed by electron impact ionization of argon atoms). Though the rate coefficient for Penning ionization is an order of magnitude higher than that for charge transfer, formation of acetylene ions by Penning ionization is not taken into account to evaluate N C2H + 2 because concentration of argon ions is found (see below) to be greater (the cross section for argon ionization is larger than that for Table 2 . Partial ionization degree (η i ) for argon and atomic and molecular hydrogen (the three of them are assumed to be the same).
argon excitation) than that of argon in its first excited state, Ar (n = 2). Therefore, we have
Then, taking into account expressions (9)- (13), and since both N e and η i are known parameters of the model, we find the acetylene partial ionization degree through
This magnitude will be used later on in the stationary rate equation for C 2 H 2 .
Ar rate equations.
The stationary rate equation for ground state (n = 1) argon atoms iṡ
whereṄ Ar(n=1) denotes time variation of N Ar(n=1) and the righthand-side terms stand for the kinetic mechanisms responsible for the production and loss of ground state argon atoms. The numerator of the first term in the right-hand side, φ Ar(n=1) , stands for the partial incoming flux (in sccm) of argon gas into the reaction chamber, V p is the plasma volume and q 0 = 4.47 × 10 17 is a conversion factor from sccm to atoms or molecules per second. The total incoming flux φ, with φ = φ Ar(n=1) + φ H2 + φ C2H2 , into the chamber is kept constant at 400 sccm in all calculations. The rate coefficients
and A ef 21 stand, respectively, for the electronimpact ionization from level n = 1, three-body recombination to level n = 1, electron-impact excitation to the first excited state, electron-impact de-excitation to ground state, radiative recombination to ground state and spontaneous radiative deexcitation to ground state. Moreover, τ Ar(n=1) is the residence time of Ar (n = 1) in the reaction chamber.
The radiation from the spontaneous radiative transition between the first excited state (n = 2) and the ground state (n = 1) of argon is not absorbed in the plasma so its Holstein escape factor (κ 21 ) takes its highest value: κ 21 = 1, and the corresponding Einstein coefficient is A
(The escape factor, κ ij , is a number between zero in optically thick plasmas for the spectral line produced in the transition and one in optically thin plasmas for the line.)
The rate equation for argon in its first excited state (n = 2) is,
so its steady state population density is given by
Now, after considering expression (17) , equation (15) becomeṡ
where we have assumed that the plasma is optically thin (κ c1 = 1) for the radiation coming from radiative recombination of Ar + . After taking equations (17) and (18) to expression (12) we reach an expression for N Ar + in terms of N Ar(n=1) which is then taken back to equation (18) so that we obtain an expression for the steady state population density corresponding to Ar (n = 1) given by
Once we have derived expressions for N Ar(n=1) and N Ar(n=2) , we can now estimate the residence time of Ar (n = 1) in the reaction chamber through the equation
where y is a fraction between 0 and 1 accounting for the concentration (ranging from 0.95 to 0.05) of argon atoms in the reaction chamber while the plasma is on. Therefore, from equations (17), (19) and (20) we derive an expression for the residence time, τ Ar(n=1) , of ground state argon atoms in the reaction chamber
Then, equations (12), (17) and (19) become
and 
where φ H2 is the partial incoming flux (in sccm) of molecular hydrogen and
stand for the sum of rate coefficients associated to the different dissociation channels (see the appendix) considered: those leading to ground state atomic hydrogen and to excited state hydrogen atoms (dissociative excitation mechanisms).
Moreover, i K H2 elec,exc(i) are the rate coefficients of the six different channels considered for excitation of electronic states of molecular hydrogen, K H2 ion is the electron-impact ionization rate coefficient of H 2 and τ H2 is the residence time of H 2 in the reaction chamber.
Then, we can have N H2 from equation (23) as
.
The kinetic rate equations for atomic hydrogen, both in its ground state (n = 1) and first excited state (n = 2), are given bẏ (25) anḋ
where the rate coefficients K
and A ef 21 stand, respectively, for the electron-impact dissociation of H 2 into H (n = 1) and H (n = 2), the electron-impact excitation of H to its first excited state and its corresponding collisional de-excitation, and the electron-impact ionization of H from its ground state and the radiative de-excitation to ground state. In addition, apart from collisional and radiative processes, atomic hydrogen can also be lost through diffusion to the reactor walls and substrate. The diffusion length, L = 10 cm, is assumed to be the same as the considered reactor height. Moreover, the radiation produced in the Lyman transition (spontaneous radiative de-excitation of atomic hydrogen (n = 2 → n = 1)) is partially absorbed in the plasma so we consider this absorbtion through the use of Holstein escape factors. In our case, A ef 21 = κ 21 A 21 with κ 21 = 10 −2 . Then, the steady state concentration of atomic hydrogen in its first excited state is obtained through the expression,
where we have assumed that
)/p (Torr) cm 2 s −1 , where T g , the temperature of the heavy particles in the plasma, is assumed to be constant and equal to 400 K (measurements of T g in RF-excited pure H 2 plasmas at low pressures are reported by St-Onge and Moisan [32] ).
Taking equation (27) to (25) and after some algebra, we obtain an expression for N H(n=1) , 
The residence time of molecular hydrogen in the reaction chamber is obtained by assuming that N H2 N H(n=1) + N H2 = xN, (30) where, again, x is a parameter between 0 and 1 indicating the percentage of hydrogen, both atomic and molecular, in the reaction chamber while the plasma is on. Therefore, from equations (28) and (30) we have,
and since
with τ
the residence time τ H2 is
so equations (24) and (28) become 
stand for, respectively, the sum of the three different electronic excitation mechanisms of C 2 H 2 , the vibrational excitations of stretching and bending modes of C 2 H 2 and the ionization of C 2 H 2 . Moreover, K 2 and K 1 are, respectively, the rate coefficients for direct charge transfer from Ar + to C 2 H 2 and Penning ionization of C 2 H 2 through collisions with excited Ar. The residence time of C 2 H 2 is τ C2H2 .
Then, N C2H2 can be obtained from expression (35) to give, 
and the steady state concentration of C * 2 is obtained from its stationary rate equation given bẏ
where K 0 and K 3 stand, respectively, for the rate coefficient for electronic dissociative recombination of C 2 H + 2 , and of C * 2 and H 2 recombination leading to C 2 H and H. At higher pressures, like those typically used in MW-PECVD for diamond deposition, that is 10-40 Torr, additional (or alternative) loss channels for C * 2 might be important, particularly those involving the reactions of C * 2 with C 2 H 2 [33] . The latter loss mechanisms would be favoured at higher pressures because, on the one hand, less C 2 H 2 would be depleted by electronic ionization (very important at low pressure according to Weiler et al [34] ) and, on the other hand, and according to Hsu [35] , more C 2 H 2 is expected from thermal decomposition of CH 4 .
We have from equation (38) that
The residence time of acetylene is derived through the expression below relating the initial concentration (assumed to be 1%) of acetylene in the plasma to its concentration after it starts to dissociate into products where, as a first approach, we assume that the dissociation products are mainly C * 2 ,
where η (see equation (14)) is,
(41) Therefore, we have from equations (39) and (40) that
and taking into account expression (36) for N C2H2 we reach an expression for the residence time of acetylene,
where the coefficients ω i (i = 1, 2, 3, 4) are given by
Results and discussion
In this section, we will describe the main results obtained in this work and we will attempt to establish links with available experimental results. We will focus on the variation with the gas pressure, power density levels and argon concentration of several magnitudes that might be important in driving the nonequilibrium plasma chemistry underlying the profound changes observed in the properties of diamond thin films deposited under different plasma conditions (both in RF and MW regimes), for example, the transition from micro-to nanodiamond. We have paid special attention to: (i) the calculation of the period average EEDF of RF produced C 2 H 2 (1%)/H 2 /Ar plasmas, (ii) period average rate coefficients derived from the calculated EEDF and (iii) steady state concentration densities of species present in the plasma and that might be important in the deposition process of diamond and nanodiamond thin films.
(i) We can see in figures 3 and 4 the influence of the gas pressure, argon concentration and power density levels on the calculated period average EEDF. We see in figure 3(a) (0.6 Torr) that an increase, at constant power density, in argon concentration is followed by a decrease in the total number of electrons in the plasma. In general, at 0.6 Torr, there are also more energetic electrons in plasmas with 5% Ar than in those with 95% Ar. Moreover, with 5% Ar, the number of energetic electrons above 20 eV slightly increases as power density is raised from 100 to 300 W. With 95% Ar, however, there are always more energetic electrons at 100 W than at 300 W. On the other hand, figure 3(b) (0.2 Torr) shows that, for any power and Ar concentration, there are more energetic electrons at 0.2 Torr than at 0.6 Torr. Also, for 95% Ar, the number of electrons is roughly the same for the two powers considered; however, for 5% Ar, the total number of electrons decreases as the power increases. We have also represented in figures 3(a) and (b) two Maxwellian distributions whose mean energies are the same as those associated to the calculated EEDF at 100 W and for 5% Ar and 95% Ar, respectively. A comparison between the calculated EEDF and the Maxwellian distributions can be better seen in figures 4(a) (0. (except very low, 5%, Ar content and low, 100 W, powers), our calculated EEDF is close, within a maximum difference of two orders of magnitude at relatively high pressures (0.6 Torr), to Maxwellian EEDF with the same mean electron energies as those corresponding to the calculated EEDF. This result is used later on to calculate, using Maxwellian distributions, superelastic rate coefficients (see the appendix) that cannot be obtained with the program we have used to calculate the EEDF of our RF (13.56 MHz) produced C 2 H 2 (1%)/H 2 /Ar plasma.
(ii) We have selected a couple of period average rate coefficients in order to briefly describe the influence of changing discharge parameters (gas pressure and argon content in the plasma) on them. Figure 5(a) shows the electron-impact ionization rate coefficients of argon, acetylene and molecular hydrogen, respectively. The dissociation rate coefficients (several dissociation channels) of molecular hydrogen are represented in figure 5(b) as a function of the gas pressure at 100 W. The most important H 2 dissociation channel is that leading to ground state hydrogen atoms; this channel is more efficient as argon content decreases from 90% to 5%. The dissociation channels of H 2 that lead to H (n = 2) and H (n = 1), or H (n = 2) and H (n = 3) are less important (at least two orders of magnitude smaller) than that leading to ground state hydrogen. Moreover, all H 2 dissociating channels decrease with increasing pressure. Consequently, in our C 2 H 2 plasma, we basically have ground state atomic hydrogen coming from dissociation of molecular hydrogen. Electron-impact ionization rate coefficients of argon, acetylene and molecular hydrogen decrease with increasing pressure. At relatively low pressures (below 0.3 Torr) and high (more than 40%) argon content, electronic ionization of argon is the most important; however, as pressure increases, electronimpact ionization of acetylene, with 90% Ar, becomes similar (and higher than that of H 2 ) to that of argon.
(iii) We report here the influence of changing discharge parameters (gas pressure, power levels and argon content) on the concentration of different reactive species. Our spacetime averaged kinetic model predicts the behaviour of the steady state population densities of the excited carbon dimer molecule, N C * 2
; acetylene, N C2H2 , and its ion, N C2H + 2
; atomic hydrogen (in its ground and first electronic state) N H(n=1) , N H(n=2) and molecular hydrogen N H2 ; and argon atom (in its ground and first electronic state) N Ar(n=1) , N Ar(n=2) and its ion, N Ar + , respectively.
We start by analysing the evolution of the steady state concentration of the excited carbon dimer molecule C * 2 . We see in figure 6 (a) that the population density of C * 2 increases with growing pressure for any power density and argon content in the plasma. As can be seen in figure 6 (b), this trend has been experimentally observed by Goyette et al [6, 10] in MW-produced CH 4 (1%)/H 2 /Ar plasmas though at much higher pressure. They establish a strong correlation between C 2 emission (Swan bands) and diamond and nanodiamond film growth rate, this supporting the hypothesis that C 2 could be a nanodiamond growth species in MW CH 4 (1%)/H 2 /Ar plasmas (C 2 H 2 is assumed to derive from the decomposition of CH 4 ) even with minimum amounts of H 2 . Another important feature shown in figure 6(a) is that related to the effect of argon content on the steady state concentration of C * 2 : the higher the argon content (up to 95%), the greater the C * 2 population density. The latter trend has also been shown by the recent simulations by Riccardi et al [12] of low pressure (1.5 Torr) and low power (50 W) RF CH 4 /Ar plasmas. The present model predicts an increase of up two orders of magnitude in N C * 2 as the argon content goes from 5% to 95%, this effect being independent of the pressure and power levels. This remarkable increase of N C * 2 is due, according to our model, to the efficiency of the electron impact dissociative recombination of C 2 H + 2 when compared to C * 2 loss mechanisms involving H 2 (which dramatically decreases as the concentration of argon increases in the plasma, see figure 10 ). Experimental results reporting such an increase of N C * 2 with growing argon content were also reported by Goyette et al [6, 10] in MW-produced CH 4 (1%)/H 2 /Ar plasmas and are reproduced in figure 6(c) . In contrast, the C * 2 density is almost independent of the power no matter what initial argon concentration is used. This is also in agreement with available experimental results [6] obtained in MW CH 4 (1%)/H 2 /Ar plasmas. Goyette et al [6, 10] were even able to establish experimentally that C * 2 is the growth especies for nanocrystalline diamond produced in MW plasmas since they confirmed a correlation between the C * 2 concentration and the film growth rates. Based on a series of SEM images of the films deposited with MW-produced CH 4 (1%)/H 2 /Ar plasmas, Zhou et al [7] have demonstrated that a transition from microcrystalline to nanocrystalline diamond occurs in the range from 2% to 97% Ar. Moreover, TEM analysis demonstrates the nanocrystalline nature of the films grown from MW-produced CH 4 (1%)/H 2 /Ar plasmas with 80-97% argon concentration.
It is important to notice that nanodiamond structures were also experimentally detected by Amaratunga et al [1] working with RF-(13.56 MHz) produced CH 4 (2%)/Ar plasmas with high (95%) argon concentration and in a pressure range between 0.2 and 0.5 Torr. However, as far we know, the only study on the diagnosis of a low pressure RF-(13.56 MHz) CH 4 /H 2 /Ar plasma performed so far is that by Schulz-von der Gathen et al [11] and they were not able to measure (due to technical limitations) the concentrations of C 2 in their plasma. On the other hand, recent simulations by Riccardi et al [12] indicate a transition of the plasma chemistry dominated by CH 3 when methane is used, to one governed by the dimer C 2 when highly diluted methane in argon is employed. This result contributes to the consideration of C 2 as a precursor of diamond films in RF CH 4 /Ar-rich plasmas. In spite of all this, there are no conclusive experimental results yet on whether C 2 might be the growth species in RF-(13.56 MHz) low pressure CH 4 (1%)/H 2 /Ar-rich plasmas.
The present simulation of RF-(13.56 MHz) produced C 2 H 2 (1%)/H 2 /Ar plasmas predict similar trends for the steady state population density of C * 2 as those experimentally observed and measured (see figures 6(b) and (c)) in MW-produced CH 4 (1%)/H 2 /Ar plasmas [6] , and as the theoretical results regarding C 2 (as a functions of argon concentration) obtained by Riccardi et al [12] . Consequently, we could be tempted to think that C * 2 could also play an important role in the deposition of nanocrystalline diamond thin films obtained by Amaratunga et al [1] with RF produced plasmas. We could even go further and propose, in consensus with Riccardi et al [12] , that C 2 could be the precursor of diamond and nanodiamond thin films grown in RF (13.56 MHz) low pressure CH 4 /H 2 /Ar-rich plasmas as already seems the case in MW-Ar-rich plasmas.
The steady state population densities of acetylene, C 2 H 2 , and its ion, C 2 H respectively. Both concentrations increase with growing pressure except in the case of C 2 H 2 (100 W) with 95% argon content in the plasma that it grows up to 0.4 Torr and then decreases with growing pressure. On the other hand, the impact of the power on the concentration of C 2 H + 2 is completely negligible; however, it has a slight influence on the population density of C 2 H 2 at very high (95%) argon concentrations: the concentration of C 2 H 2 (95% Ar) is higher at 300 W than at 100 W. Figure 7(b) shows the steady state population density of C 2 H 2 , in a RF (13.56 MHz) CH 4 /H 2 /Ar plasma as a function of the Ar content in the feed gas according to the present model (CH 4 5%, φ Total = 400 sccm, p = 0.75 Torr, Power = 100 W), the theoretical results by Riccardi et al [12] (CH 4 /Ar plasma with φ Total = 120 sccm, p = 1.5 Torr, Power = 50 W), and according to the very recent experimental results by Schulz-von der Gathen et al [11] (CH 4 = 10%, φ Total = 66 sccm, p = 0.75 Torr, Power = 100 W). We find a good qualitative and quantitative agreement among the three curves although the concentrations of C 2 H 2 calculated by Riccardi et al are slightly higher due to the fact that they have used a value of the pressure ( 1.5 Torr) double that of the value (0.75 Torr) used by us and by Schulz-von der Gathen et al. It is also interesting that Riccardi et al already predict an increase of C 2 when C 2 H 2 decreases (as we have also obtained).
We now proceed to describe the plots regarding the steady state population densities of atomic hydrogen shown in figures 9(a) (ground state, n = 1) and (b) (first electronic state, n = 2), and molecular hydrogen presented in figure 10 . In the case of atomic hydrogen, we clearly see that ground state hydrogen is roughly four orders of magnitude higher than hydrogen in its first electronic state. In general, the higher the power, the greater the concentration of both H (n = 1) and H (n = 2). An increase in argon content, from 5% to 95%, reduces the amount of atomic hydrogen in the plasma. This effect is especially important on the population density of H (n = 1) while the influence of Ar content on the population of H (n = 2) is only important at low pressures (0.1-0.4 Torr). In general, an increase in the processing pressure leads to higher atomic hydrogen (both H (n = 1) and H (n = 2)) in the plasma; an exception to this behaviour is that of the concentration of H (n = 2) at 100 W with initial Ar concentration between 5% and 40% Ar and beyond 0.5 Torr.
The behaviour of the molecular hydrogen steady state concentration is shown in figure 10 . In all cases, N H2 grows with increasing pressure and the influence (growth of H 2 concentration with increasing power) of the power becomes more important when the argon content in the plasma decreases. Again, an interesting feature in figure 10 is that related with the increase in argon concentration: it is found that N H2 decreases by more than an order of magnitude when argon content in the plasma goes up from 5% to 95%. We see in figures 11 and 12, the influence of the gas pressure, power and initial argon content in the plasma on the concentration of argon ions (figure 11), ground state argon atoms ( figure 12(a) ) and argon atoms in their first electronic state ( figure 12(b) ). An increase in power levels has a negligible effect on the population densities of Ar + and Ar (n = 1). However, it has a remarkable impact on the concentration of Ar (n = 2), this producing an increase of N Ar(n=2) with growing power. In general, we see similar trends in the behaviour of the concentrations of Ar + and Ar (n = 1): they both grow with increasing pressure and initial argon content in the plasma. The case of Ar (n = 2) is slightly different: first of all, the power has an important influence on N Ar(n=2) and, at low (5% to 40%) initial Ar content, it decreases with growing pressure. Obviously, an increase in initial Ar content leads to higher concentration of Ar (n = 2), this effect being common to the behaviour of the population densities of Ar (n = 1) and Ar + , respectively. Finally, we would like to add a brief comment about the ratio of the concentration of C 2 H + 2 to that of Ar + . We have assumed that the production of C 2 H + 2 comes from, on the one hand, electronic ionization of C 2 H 2 and, on the other hand, from charge transfer collisions between Ar + and C 2 H 2 . These two mechanisms are considered in equation (11) . Therefore, we can derive from expression (11) that the ratio R = N C2H + 2 /N Ar + = 1 + η i N C2H2 /N Ar + will always be greater than one and can go up to a maximum value of five (within the conditions of our calculations). Thus, we can conclude by saying that the fact of obtaining a relatively high ratio R from the model is mainly connected to the charge transfer collisions producing a relatively high amount of C 2 H + 2 from the Ar + and C 2 H 2 present in the low pressure RF (13.56 MHz) CH 4 /H 2 /Ar plasma under consideration.
Conclusions
We have built a quasianalytic space-time averaged kinetic model for studying the nonequilibrium plasma chemistry of RF (13.56 MHz) produced C 2 H 2 (1%)/H 2 /Ar plasmas of interest in deposition of nanodiamond thin films. The model takes into account, through the calculation of the plasma EEDF, some of the nonequilibrium mechanisms present in the plasma leading to the production of C * 2 . Our model has allowed us to theoretically determine approximate steady state population densities of gas phase species such as, among others, C * 2 , C 2 H 2 , H, Ar, H 2 present in C 2 H 2 (1%)/H 2 /Ar RF (13.56 MHz) plasmas used in the deposition of diamond like carbon and nanocrystalline diamond thin films. The above-mentioned concentrations together with the plasma EEDF were determined as a function of the total gas pressure, power density levels and initial argon concentration.
The gas pressure has a remarkable influence on the calculated steady state concentration densities including that of C * 2 which grows almost linearly with the gas pressure, this trend being similar to that experimentally observed in MW (2.45 GHz) produced CH 4 (1%)/H 2 /Ar plasmas. The growth of the C * 2 density is connected with the efficiency of the electron impact C 2 H + 2 dissociative recombination with increasing pressure. At a given pressure, the C * 2 density is quite sensitive to addition of argon in the feed gas: an increment of the C * 2 density of up to 2.5 orders of magnitude is predicted when the initial argon concentration goes up from 5% to 95%. Therefore, the C * 2 density can be enhanced by either increasing the gas pressure or the argon initial content in the feed gas as also calculated by Riccardi et al [12] in RF low pressure CH 4 /Ar plasmas. In addition, we have found a good qualitative and quantitative agreement between the concentration of C 2 H 2 , as a function of Ar (up to 90%), predicted by the present model and its measured value obtained in very recent experimental studies by Schulz-von der Gathen et al [11] on RF (13.56 MHz) low pressure CH 4 /H 2 /Ar plasmas.
In summary, our simulation results for RF (13.56 MHz) C 2 H 2 (1%)/H 2 /Ar plasmas follow the same trends with gas pressure, power density and argon concentration as those experimentally found with MW (2.45 GHz) produced CH 4 (1%)/H 2 /Ar plasmas. Both chemical systems, i.e. RF and MW produced hydrocarbon plasmas diluted in argon, have been used to grow nanodiamond thin films by different research groups. However, no systematic experimental measurements of the concentration of C 2 in RF (13.56 MHz) low pressure CH 4 /H 2 /Ar-rich plasmas have been performed so far and, consequently, the approximate predictions of our model regarding C 2 can only be compared with measurements performed in high pressure MW CH 4 (1%)/H 2 /Ar plasmas. In spite of this, we are tempted to think that, as occurs in MW systems, C 2 could be a feasible growth species in RF systems used for nanodiamond growth although this is just a possibility that needs further investigation to be confirmed. Therefore, the proposed model could be used to scale up the nanodiamond deposition processes currently undertaken with RF plasma reactors and, possibly, it could also be further adapted to approximate modelling of the plasma chemistry of MW systems. Moreover, the model results can be of some help in understanding the influence of different discharge parameters on the C * 2 steady state density and, more generally, for studying the plasma chemistry of RF low pressure CH 4 /H 2 /Ar-rich plasmas and its connection to the growth rate and morphology of the nanodiamond thin films since these two features could be related to the C 2 density.
Regarding C 2 H 2 , we basically considered the process cross sections proposed by Hayashi [39] and recently recommended by Morgan [40] . However, depending on the process, we have also employed additional cross sections to complement the original cross section sets. The following inelastic processes are considered.
(a) Vibrational excitations of the C 2 H 2 stretching modes: 
To the best of our knowledge, the branching ratios for the various reaction channels of (61) have not been determined experimentally. We have chosen one of the most probable reaction channels [43] , i.e. that leading to C * 2 . The recombination cross section and corresponding rate coefficient K 0 is calculated by Mul et al [44] , assuming a Maxwellian EEDF, as a function of the mean electron energy. As can be seen from the plots showing the EEDF calculated for RF (13.56 MHz) produced C 2 H 2 (1%)/H 2 /Ar plasmas, the assumption of a Maxwellian EEDF is reasonable for low energy electrons while it deviates from the calculated EEDF at higher energies. However, the latter is not that important since the cross section for the electronic dissociative recombination of C 2 H + 2 decreases with increasing energy. The rate coefficient K 0 is given, up to 30 eV, as a function (sixth-order polynomial) of the mean electron energy,ε,
where the coefficients a i are given in table 3.
We have also considered several electron-driven kinetic mechanisms involving argon atoms since they play an important role in the kinetics of C 2 H 2 (1%)/H 2 /Ar plasmas used in deposition of nanodiamond carbon films. The cross sections for the processes considered were taken from the database recently built by Morgan Pitchford and Boeuf [38] and are: 
We now consider some mechanisms involving two heavy species that seem to be of some importance in the production and loss of C
